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X-ray crystallographyPlants have evolved to cope with ﬂuctuations in water supply by gating their water channels known
as aquaporins. During ﬂooding, a rapid drop of cytosolic pH due to anoxia leads to a simultaneous
closure of the aquaporins in the plasma membrane. The closing mechanism has been suggested to
involve a conserved histidine on cytosolic loop D. Here we report the crystal structure of a spinach
aquaporin at low pH, revealing for the ﬁrst time the structural basis for how this pH-sensitive his-
tidine helps to keep the aquaporin in a closed state.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Plants depend on their ability to regulate water ﬂow across
their cellular membranes in response to environmental stress such
as drought, ﬂooding or high salinity [1]. This task is performed by
aquaporins, a well-conserved family of membrane protein chan-
nels which allow water to pass along osmotic or hydrostatic pres-
sure gradients. Aquaporins can be found in most living species and
share a common tetrameric fold with each monomer functioning
as an individual water channel, comprising six transmembrane
helices and two half-membrane spanning helices (Fig. 1A).
In order to maintain proper water homeostasis plants express a
larger number of aquaporin isoforms than for example mammals
and yeast. In the model plant Arabidopsis thaliana, 35 isoforms have
been identiﬁed compared to only 13 in humans [2]. In addition,
plants are able to rapidly ﬁne-tune water transport rates through
individual aquaporins by gating. Plant aquaporins have been
shown to be gated by phosphorylation [3–5], divalent cations [6–
8] and pH [1,6–11].
The phenomenon of pH gating of plant aquaporins occurs in re-
sponse to ﬂooding. During ﬂooding, a rapid drop of cytosolic pH
due to anoxia causes closure of the aquaporins situated in the plant
plasma membrane (plasma membrane intrinsic proteins, PIPs)
[11]. The ﬁrst clues to the molecular mechanism behind this eventcame from studies on PIPs from Arabidopsis thaliana. In this study, a
fully conserved histidine in the intracellular loop D was identiﬁed
as the main pH sensor. By mutating this residue of AtPIP2;2 to ala-
nine, aspartic acid and lysine respectively and assaying the water
transport in oocytes it was concluded that protonation of this his-
tidine at low pH triggers a simultaneous closure of PIPs. The role of
this histidine in pH gating of plant aquaporins has been conﬁrmed
by further studies on PIP2;1 from Arabidopsis thaliana[8] as well as
PIP2;1 from tobacco [1].
We have previously solved the crystal structure of the spinach
aquaporin SoPIP2;1 in both closed and open conformations reveal-
ing how a conformational change of intracellular loop D is respon-
sible for gating of the channel. In the closed structure, loop D caps
the water channel from the intracellular side, inserting a hydro-
phobic residue, Leu 197 into the channel opening (Fig. 1A) [12].
The closed conformation is stabilized through interactions with
an N-terminal divalent cation binding site. Using this structural
framework, we proposed a mechanism for how gating can be
achieved in response to phosphorylation of two highly conserved
serines, Ser115 in loop B and Ser274 in the C-terminus, or by pH
through protonation of His193 in loop D.
The proposed gating mechanism involves an interaction be-
tween His193 and the divalent cation binding site, occupied by
Cd2+ in the closed structure, but presumed to bind Ca2+ in vivo.
The Cd2+-ion is ligated by two well-conserved residues, Asp28
and Glu31, at a short N-terminal helix as well as by two water mol-
ecules (Fig. 1B). In the closed structure at pH 8, His193 is pointing
away from the Cd2+-site, however a putative ﬂip of the side chain
Fig. 1. Proposed gating mechanism for SoPIP2;1. (A) Overview of SoPIP2;1 in the closed conformation at pH8 (pdb code 1Z98). Interactions between Loop D (blue) and a Cd2+-
binding site at the N-terminus inserts a hydrophobic plug indicated by Leu 197, thereby occluding the water conducting pore. The Cd2+-ion and water molecules in the water
conducting channel are shown as yellow and red spheres respectively. Residues involved in gating by phosphorylation (Ser 115 and Ser 274) as well as gating by pH (His 193)
are indicated. (B) Close-up view of His 193. In the protonated state, an alternative rotamer of the His193 side-chain (grey) may be adopted which is within hydrogen bonding
distance of Asp28.
Table 1
Data collection and reﬁnement statistics.
Data collection
Space group P21212
Cell dimensions
a, b, c (Å) 178.23, 104.19, 66.52
a, b, c () 90, 90, 90
Resolution (Å)a 104–3.1 (3.27–3.1)
Rmerge
a 0.099 (0.667)
I/rIa 11.1 (1.6)
Completenessa 98.2 (99.6)
Redundancya 3.9 (4.0)
Reﬁnement
Resolution (Å)a 90–3.1 (3.18–3.1)
No. of reﬂectionsa 21 484 (1605)
Rwork/Rfreea 0.237/0.243 (0.357/0.381)
No. of atoms
Protein 7281
Ion 12
Water 1
Average B-factors
Protein 98.19
Ion 171.45
Water 81.05
R.m.s. deviations
Bond lengths (Å) 0.008
Bond angles () 1.584
Ramachandran values (%)
Favoured 87.4
Allowed 12.6
Outliers 0
Protein Data Bank accession code 4IA4
a Values for highest resolution shell are given in parantheses.
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loop D in the closed conformation.
Here we present the 3.1 Å crystal structure of SoPIP2;1 at pH 6
without Cd2+ revealing for the ﬁrst time His193 participating in an
interaction which maintains the water channel in a closed state.
This gives important new insights into the structural mechanism
behind pH gating of plant aquaporins.
2. Results and discussion
2.1. Structural determination of SoPIP2;1 at pH 6
The aim of the present study was to elucidate the structural ba-
sis for pH-gating of SoPIP2;1 and in particular the role of His193.
To this end, we crystallized and solved the structure of SoPIP2;1
at pH 6 in the absence of Cd2+. Under these conditions, SoPIP2;1
crystallized in a space group lacking the fourfold symmetry other-
wise typically associated with aquaporin structures, allowing
structural differences to be observed between monomers within
the aquaporin tetramer. The structure was solved to 3.1 Å resolu-
tion by molecular replacement using a tetramer of the closed
structure of SoPIP2;1 at pH 8 as the search model. After iterative
rounds of reﬁnement and manual rebuilding into composite omit
maps to reduce model-bias, an R-factor of 23.7% and free R-factor
of 24.3% was obtained (Table 1).
2.2. The structure of SoPIP2;1 at pH 6 is closed
The overall structure of SoPIP2;1 at pH 6 is very similar to the
closed structure at pH 8 with loop D adopting the closed conforma-
tion (Fig 2A). The two structures overlay with a root mean square
deviation of 0.501 Å for 924 Ca-atoms (Fig. S1 online). As calcu-
lated by the program HOLE [13] the water-conducting pore nar-
rows to a diameter of 1.5 Å at Leu197 on the cytosolic side,verifying that channel is in a closed state. Hydrogen bonds be-
tween Gly94 and Arg190 as well as Asp191 and Ser36 help main-
tain loop D in the closed conformation (Fig. 2B). Interestingly, the
residue corresponding to Asp191 has been proposed to cooperate
Fig. 2. Crystal structure of SoPIP2;1 at pH 6. (A) Overall structure of SoPIP1;1 at pH 6 showing the closed conformation of loop D (blue). The output from HOLE indicating the
boundaries of the water conducting channel are shown as small grey spheres. At Leu197, the channel narrows to 1.5 Å which is too narrow for water to pass through. (B)
Interactions stabilizing loop D (blue) in the closed conformation. Hydrogen bonds are indicated by dotted lines. (C) Comparison of the closed structures of SoPIP2;1 at pH6 and
pH8 respectively. The structure at pH6 (pink) is overlaid on the structure at pH 8 (green). The yellow sphere represents Cd2+ from the structure at pH8. In the structure at pH6,
His193 has ﬂipped towards the Cd2+ binding site, but since the N-terminus has been displaced due to the absence of Cd2+, no interaction between the two can be seen. (D) 2fo–
fc electron density map (blue, contoured at 1r) showing the interaction between the ﬂipped side chain of His193 and loop B. A positive peak in the fofc map (green,
contoured at 3r) compatible with a water molecule (red sphere) is present between His193 and the backbone of loop B, making hydrogen bonds between them possible.
Distances are shown in Å.
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both these interactions are also present in the closed structure at
pH8 they are not likely to be responsible for the pH-sensitivity of
the water transport through SoPIP2;1.
2.3. His193 interacts with loop B to stabilize the closed conformation
Based on the closed structure of SoPIP2;1 at pH8, we proposed
that at low pH, His193 would interact with the N-terminal Cd2+-
binding site, thus stabilizing loop D in the closed conformation.
The proposed mechanism involved a ﬂip of the protonated
His193 side chain to allow for a hydrogen bond with the Cd2+-
ligand Asp28 (Fig. 1B). In our new structure at pH 6, the proposed
ﬂip of the His193 side chain can be clearly seen in one of the mono-
mers (monomer C) of the tetramer (Fig. 2C). However, due to the
absence of Cd2+, the short N-terminal helix which harbours the
Cd2+-binding site has moved away, displacing Asp28 up to 4 Å. In-
stead, the ﬂipped side chain of His193 is in close proximity of loopB and the second Cd2+-ligand Glu31. A clear positive peak at 3.0 r
in the difference electron density map can be seen between His193
and loop B. This peak is compatible with a water molecule, con-
necting the side chain of His193 with the backbone of loop B
through hydrogen bonds with the amide nitrogen of Ser115 and
the carbonyl oxygen of Lys113 (Fig 2D). Difference electron density
peaks of similar magnitude can also be seen for water molecules in
the water-conducting channel, indicating that although modelling
of waters at this resolution must be done with great care, the data
supports the presence of water molecules at well-deﬁned locations
(Fig. S2 online).
The interaction between His193 and loop B via the water mol-
ecule is involved in stabilizing loop D in the closed conformation,
showing for the ﬁrst time the structural basis for the involvement
of this residue in pH-gating of plant aquaporins. At pH 6, it is not
surprising that the ﬂip of the histidine side chain cannot be seen
in all monomers. The imidazole side chain of histidine has a pKa
of approximately 6.0 and a mixed protonation state between the
Fig. 3. Comparison of the N-terminus and loop B in SoPIP2;1 structures. Overlay of the closed structures of SoPIP2;1 at pH6 (pink) and pH8 (green) with the structure of the
S115E mutant (blue, pdb code 3CLL). (A) View of the N-terminus showing how the phospho-mimetic S115E mutation causes an extension of TM helix 1 and disruption of the
divalent cation binding site. (B) Close-up of loop D showing that although the N-terminus undergoes signiﬁcant structural rearrangement in the S115E mutant, the main
chain structure of loop B remains unaffected.
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A, His193 seems to be protonated, but since it is participating in
crystal contacts it is not available for interactions with loop B.
Because of the somewhat limited resolution, it is not immedi-
ately obvious from the structure why His193 needs to be in the
double protonated state for this interaction to occur. However in
all earlier structures of SoPIP2;1 which has been at pH > 6,
His193 is seen adopting a conformation which does not allow for
any interaction with loop B or with the N-terminus as previously
suggested. Together with the signiﬁcant biochemical evidence that
pin-points this residue as responsible for the pH-gating, this
strongly suggests that the conformation seen here is indeed a re-
sult of the histidine being in a protonated state.
The observation that all monomers are closed, regardless of the
conformation of His193 can be explained by the fact that channel
closure is also triggered by dephosphorylation of Ser115 and
Ser274 [4]. As with our previous structures of SoPIP2;1 [12,14],
the electron density map reveals that the protein is in the dephos-
phorylated state, thereby pushing the equilibrium of the open-
to-closed transition towards the closed conformation of the
channel regardless of the pH.
2.4. Implications for gating by phosphorylation and Ca2+
Although central to gating of plant aquaporins by phosphoryla-
tion and strictly conserved in all PIPs [4], the involvement of
Ser115 in pH gating has not been predicted previously. In the
closed structure of SoPIP2;1 at pH8, Ser115 hydrogen bonds to
the Cd2+-ligand Glu31. Molecular dynamics simulations have
shown that when this residue is phosphorylated, the Cd2+-binding
site is perturbed, releasing loop D from its interactions with the
N-terminus, thereby allowing it to adopt an open conformation.
This was further supported by the crystal structure of the phosp-
homimetic S115E mutant of SoPIP2;1 which revealed a complete
disruption of the Cd2+-binding site and an extension of TM helix
1 [14] (Fig 3A). While the serine to glutamate replacement had a
dramatic effect on the structure of the N-terminus and the Cd2+-
binding site, the backbone structure of loop B remained unaffected
(Fig 3B). Since His193 interacts with only backbone atoms of
Ser115, loop D would be able to adopt the closed conformation
regardless of whether Ser115 is phosphorylated or not, allowing
for an immediate response to a rapid drop in cytosolic pH.
It could be argued that the observed interaction between
His193 and Ser115 is due to the absence of Cd2+ in the crystal (cor-
responding to Ca2+ in vivo) rather than the lower pH. However,
while Cd2+ is lacking in all monomers, His193 is only seen
participating in this interaction in one of these, thereby stronglysuggesting that the reason for this interaction lies in the proton-
ation state of the histidine rather than the absence of a divalent
cation. This is further supported by the fact that in the SoPIP2;1
S115E mutant structure which also lacks Cd2+ this interaction is
missing as well [14].
2.5. Combined effect of Ca2+ and low pH during ﬂooding
Our previously suggested pH gating mechanism of PIPs involved
an interaction between the conserved histidine on loop D and the
Cd2+-binding site. The fact that we in the absence of Cd2+ see an
interaction with loop B instead does not necessarily contradict this.
Plants respond to oxygen deprivation with not only a drop in cyto-
solic pH but this can also be accompanied with an increase in cyto-
solic Ca2+-concentration [15–17]. Thus, a combined effect of low
pH and Ca2+ on the water transport through PIPs seems plausible.
Verdoucq et al. showed that in AtPIP2;1, mutation of Asp28 as well
as Glu31 to alanine lead to reduced pH-sensitivity, supporting a
role for the divalent cation binding site in pH gating of PIPs [8].
It is probable that in the presence of Ca2+ and at low pH, loop D
is maintained in a closed conformation via interactions with the
divalent cation binding site as previously suggested (Fig. 1B).
With the structure of SoPIP2;1 at pH 6, we provide for the ﬁrst
time structural evidence for the involvement of His193 on cyto-
solic loop D in pH gating. Furthermore we have discovered a novel
interaction between His193 and loop B showing how stabilization
of loop D in the closed conformation can be achieved at low pH in
the absence of Ca2+. This helps complete the emerging picture of
how distinct biochemical signals such as phosphorylation, pH
and Ca2+ all act on the same structural elements to gate plant aqu-
aporins in response to environmental stress.
3. Methods
3.2. Protein overproduction and puriﬁcation
Functional wild type SoPIP2;1 was overproduced in the methy-
lotrophic yeast Pichia pastoris as described previously [18]. Over-
production and puriﬁcation protocols are detailed in
Supplementary Information. Brieﬂy, washed membranes were sol-
ubilized in 5% octyl-b-D-glucopyranoside (b-OG) at room tempera-
ture. SoPIP2;1 was puriﬁed in a two step manner using Resource S
(GE Healthcare) cation exchange followed by gelﬁltration using a
Superdex 200 300/10HK column (GE Healthcare) equilibrated with
20 mM Tris–HCl, pH 7.5, 100 mMNaCl, 1% b-OG. SoPIP2;1 was con-
centrated to 15 mg/mL using a VivaSpin concentrator with
10 000 MWCO (Sartorius Stedim Biotech GmbH).
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Crystals were obtained by the hanging drop vapour diffusion
technique. Protein solution containing 15 mg/mL SoPIP2;1 incu-
bated with 5 mM HgCl2 was mixed with reservoir solution in a
1:1 ratio and left to equilibrate at 4 C.
The reservoir solution contained 22% PEG400, 100 mM sodium
citrate pH 6.0, 50 mM NaCl and 20 mMMgCl2. Rod-shaped crystals
grew over a period of a few months. After soaking in mother liquor
containing 28% PEG 400 for cryo-protection, crystals were ﬂash
frozen in liquid nitrogen.
3.4. Data collection and structural determination
X-ray diffraction data were collected at 100 K on beamline
ID14-4 of the European Synchtrotron Radiation Facility (Grenoble,
France). The structure was solved by molecular replacement using
a tetramer of the closed structure of SoPIP2;1 at pH 8 as the model
(pdb accession code 1Z98). Iterative rounds of reﬁnement and
rebuilding into composite omit maps resulted in a model with an
R-factor and free R-factor of 23.7% and 24.3% respectively. Data,
reﬁnement and model statistics are shown in Table 1. For details
on data processing, reﬁnement and model building, see Supple-
mentary information online. The structure has been deposited in
the Protein Data Bank with accession code 4IA4.
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